Introduction
Invertebrates have a non-clonal immune system with many similarities to the innate immune system of vertebrates (reviewed by Medzhitov & Janeway, 1997) . The fat body is at the centre of insect immune response and is the most studied immune competent organ in insects. Infectious challenge to the insect leads to the transcriptional up-regulation of a series of genes in the fat body that encode for antimicrobial peptides such as defensins, cecropins, drosomycin, attacins and diptericin (reviewed by Hoffmann & Reichhart, 1997) . Up-regulation of this systemic response is controlled through a series of cis -elements found in the upstream regions of these genes. Among these, the Rel-like motifs, such as NF κΒ and Dorsal, are of particular importance (e.g. Sun & Faye, 1992; Manfruelli et al. , 1999) with GATA factors sometimes modulating the response (Petersen et al. , 1999) . In the unchallenged insects these genes of the systemic immune system are considered to be silent with the few reports of 'unchallenged' immune gene expression in the fat body (e.g. Dimarcq et al. , 1994) probably due to natural infections in the insects under study (Engström, 1998) .
Epithelial immune responses also occur in insects. The picture emerging from Drosophila melanogaster suggests that a subset of antimicrobial genes are expressed on each epithelia exposed to the insects surface with usually at least two peptides present with complimenting spectra of antimicrobial activity (Tzou et al. , 2000) . A more complicated picture for the control of these genes is emerging. Constitutive expression of antimicrobial genes is common in the insect reproductive system. Thus the reproductive tract-specific genes andropin in D. melanogaster (Samakovlis et al. , 1991) and ceratotoxin in Ceratitis capitata (Marchini et al. , 1995) are constitutively expressed and are not induced by bacterial infection of the haemolymph. Drosocin, andropin and ceratotoxin but not diptericin genes in the reproductive system are induced by mating. In contrast to reproductive epithelia many other epithelia exposed to the external environment have antimicrobial genes that are up-regulated in response to microbial challenge (Tzou et al. , 2000 and references therein) .
In common with other metazoan animals the insect intestine is particularly vulnerable to attack from pathogens, parasites and a range of opportunistic organisms ingested with the food. Defences in the midgut of blood-sucking insects are of particular importance because the midgut is a crucial interface between vectors and parasites such as Plasmodium , Leishmania , Trypanosoma , Wuchereria , Yersinia , arboviruses , etc. Given their importance it is surprising how few studies have been performed on insect midgut immunity, particularly in blood-sucking insects. The first reports of immune response in the midgut of blood-sucking insects were two gut specific defensins in Stomoxys calcitrans (Lehane et al. , 1997) and five immune-related genes in Anopheles gambiae one of which encoded a defensin also reported by Richman et al . (1997) . Given the potential importance of the midgut immune system in blood-sucking insects we determined to look in © 2001 Blackwell Science Ltd, Insect Molecular Biology , 10 , 561-571 more depth at the biology of the midgut-specific defensins of S. calcitrans and our results are reported here.
Results

Cloning and sequence analysis
Lambda genomic clones of Stomoxys midgut defensin genes (Smd1a and Smd2a) were isolated and sequenced. Sequence data showed that these genes were very similar but not identical to the Smd1 and Smd2 cDNA previously described (Lehane et al. , 1997) . Furthermore, Southern analysis suggests that Smd1 and Smd2 are both two copy genes (data not shown). Lambda genomic clones of Smd1 and Smd2 were also isolated and sequenced and compared with Smd1a and Smd2a, respectively. Although these results are consistent with the presence of two copies of each gene per haploid genome we cannot rule out the possibility that Smd1a may be an allelic form of Smd1 and Smd2a a form of Smd2.
Smd1 and Smd1a coding regions were found to be 98.7% similar. Smd2 and Smd2a coding regions were found to be 98.6% similar. Differences in Smd1 were alanine at residue 18 and aspartic acid at residue 64 substituted for serine and asparagine, respectively. Differences in Smd2 were valine at residue 11 and asparagine at residue 28 substituted for leucine and aspartic acid, respectively. Both copies of each gene were intronless. Primer extension analysis of mRNAs encoding either Smd1 or Smd2 identified the position of one major and one minor (-5 bp relative to major start site) transcriptional start sites for each gene (data not shown). A stretch of ten nucleotides including the two start sites is 80% similar among the four genes identified and contains the arthropod initiator sequence TCA A /G T/A (Harshman & James, 1998) . A TATA binding sequence GTATAAATA is located in another highly conserved region in all four promoters between -34 and -26 bp upstream of major start sites. Alignment of promoter regions showed that the Smd1 and Smd1a promoters were 94.9% similar, including two sequence insertions in the promoter of the Smd1 gene; 21 bp inserted between -944 and -1016 bp, and 27 bp inserted between -762 and -790 bp. Neither of these inserted sequences contained transcription factor binding consensus sequences as identified using TFSearch software (Heinemeyer et al. , 1998) . Alignment of Smd2 and Smd2a promoter regions showed that there were three single nucleotide differences in the 238 bp region sequenced (99% similar) and none of these differences were located in or close to the TATA box, transcription start site or transcription factor binding sites identified by TFSearch.
Expression of Smd1 and Smd2 genes at various life stages
The expression of Smd1 and Smd2 genes at various life stages in S. calcitrans was determined by nuclease protection assay ( Fig. 1 ) and Northern blotting (data not shown). Probes used in these assays detected mRNA from both copies of either the Smd1 or Smd2 genes. Results of investigations showed that there is no expression of midgut defensins in either eggs, larvae or pupae and confirms that these genes are expressed exclusively in adult anterior midgut tissues (Lehane et al. , 1997) . The S. calcitrans 40S ribosomal S14 protein gene (AF119387) was used as a loading standard. The S14 gene is constitutively expressed in all tissues and at all life stages (unpublished data).
Expression of Smd1 and Smd2 in response to artificial blood feeding and immune stimulation in vivo
The pattern of expression of Smd1 and Smd2 mRNA in response to an artificial bloodmeal (Fig. 2) is very similar to that seen with pig blood (Lehane et al. , 1997) . Both Smd1 and Smd2 mRNA levels increase twofold by 24 h postfeeding, after which they drop to constitutive levels by 72 h postfeeding. In ELISA, protein levels are also found to increase, up to tenfold for Smd1 and threefold for Smd2, within 24 h and drop to constitutive levels by 48 h postfeeding. Occasionally a high baseline level of Smd1 and Smd2 in unfed flies was observed and this gave a broad range of expression of these genes after feeding.
Midgut mRNA levels were measured in flies 24 h after feeding on artificial blood containing either LPS (concentration range 2000 -4500 EU/ml) or laminarin (concentration range 100 -500 µ g /ml). Figure 3 shows pooled data from at least eight nuclease protection assays at a range of concentrations of LPS or laminarin. Addition of LPS to an artificial bloodmeal caused a mean 3.3-fold induction in expression of Smd1 mRNA and a 2.9-fold induction of Smd2 mRNA in comparison to flies fed on sucrose alone. Both values are greater than feeding on sterile artificial blood (see above). The addition of laminarin to an artificial bloodmeal caused a sixfold induction in expression of Smd1 mRNA and a 2.6-fold induction of Smd2 mRNA. Again both values are greater than feeding on sterile artificial blood alone (see above). The addition of LPS or laminarin, at the same range of concentrations, to a sucrose meal did not cause up-regulation of the Smd1 or Smd2 genes. This suggests that midgut defensin up-regulation in response to immune stimulation requires the presence of a bloodmeal.
Nuclease protection assays and ELISAs were performed using anterior midgut RNA or protein from flies at 24, 48 and 72 h after feeding on artificial blood containing either laminarin or LPS at a range of concentrations. Figure 4 shows that addition of laminarin to an artificial bloodmeal resulted in up to a 3.4-fold increase in Smd1 mRNA levels at 24 h postfeeding (250 µ g laminarin /ml blood). This was accompanied by a similar increase in Smd1 peptide levels. By 48 h postfeeding the level of both mRNA and peptide had dropped to that of blood alone, suggesting that the response of the Smd1 gene to laminarin occurs within 48 h of feeding. Analysis of levels of Smd2 mRNA following a blood + laminarin meal showed that there was a 2.7-fold increase in mRNA at 24 h postfeeding and that compared to blood alone, the level remained elevated for at least 72 h postfeeding. The amount of Smd2 peptide was also elevated by the addition of laminarin to the bloodmeal. In summary, we found that the Smd1 gene was up-regulated and downregulated within 48 h of feeding with laminarin, in contrast to the Smd2 gene which remained up-regulated for at least 72 h after feeding with laminarin. A dose -response relationship for up-regulation of these genes was not clear although the Smd2 gene at 48 h after feeding does show increasing expression with increasing concentrations of laminarin.
Addition of LPS to a bloodmeal appeared to up-regulate expression of Smd1 and Smd2 mRNA (data not shown). However the pattern of expression is not clear due to high baseline levels of both mRNA and peptides in this experiment.
Expression of Smd1, Smd2 and Fbd1 in response to septic injury
We have shown previously that expression of the Smd1 and Smd2 genes is found only in anterior midgut tissues of Pooled NPA results from at least eight experiments. Flies were fed on either sucrose or blood supplemented with either LPS (2000 -4500 EU/ml) or laminarin (100 -500 µg /ml) for 1 h and anterior midguts were dissected 24 h later. Asterisk indicates a significant difference from sucrose fed (P < 0.05, one-way ANOVA and Fishers pair-wise comparison).
S. calcitrans and that following septic injury by injection of LPS into the haemocoel there is no expression of Smd1 or Smd2 in the fat body (Lehane et al. , 1997) . We tested whether septic injury had any effect on the expression of Smd1 and Smd2 in anterior midgut by injection of a cocktail of laminarin, E. coli K12 RM148 and M. luteus into the haemocoel and then measured mRNA levels 6 and 24 h later. We found that both septic and sterile injury caused up to a 64% reduction in the level of Smd1 and 32% reduction in Smd2 mRNA in anterior midgut 24 h after immune challenge (Fig. 5A) .
We have cloned and sequenced a fat body defensin cDNA (Fbd1, AF182165) from S. calcitrans. The expression of this gene in immune stimulated fat body was investigated by injection of a cocktail of laminarin, K12 RM148 E. coli and Micrococcus luteus into the haemocoel and then measurement of mRNA levels after 6 and 24 h. Figure 5B shows that the expression of Fbd1 was induced by 6 h after septic injury and was barely detectable by 24 h.
Reporter gene promoter studies
To identify functional regions of the Smd1a and Smd2a gene promoters we tested promoter-CAT reporter gene constructs in transient transfection assays in the Drosophila l(2)mbn cell line. This cell line is derived from larval haemocytes of the mutant lethal (2) malignant blood neoplasm (l(2)mbn) described in Gateff et al . (1980) . These cells are induced by various immune stimuli to produce antimicrobial peptides through functional Toll and imd /rel pathways (Dimarcq et al. , 1997) and are therefore considered suitable for studies on the control of antimicrobial gene expression (Samakovlis et al. , 1992) . Five constructs containing shortened regions of each promoter were tested and their expression relative to the pBLCAT5 construct is shown in Fig. 6 . The shortest Smd1a promoter construct constitutively expressed twofold greater levels of CAT than the minimal tk promoter present in pBLCAT5. Increasing the length of the promoter region to beyond -422 resulted in an increase in constitutive expression of the reporter gene suggesting the presence of positive regulatory sequences in the promoter between -422 and -1582 upstream of the start site. The shortest Smd2a promoter construct constitutively expressed fourfold greater levels of reporter gene than the minimal tk promoter, twice the level seen for the Smd1a promoter of similar length. The Smd2a promoter appeared to contain a significant positive regulatory region between -240 and -453 bp relative to the major transcriptional start site. However, extending the promoter to -933 bp resulted in a reduction in reporter gene constitutive expression.
In reporter assays the expression of Smd1a and Smd2a promoter-CAT constructs was not affected by the addition of either LPS (20 µ g/ml), laminarin (20 µ g/ml) or heat killed E. coli K12 RM148 to cultures (Fig. 7 and data not shown). l(2)mbn cells treated with ecdysone (Dimarcq et al. , 1997) also failed to show immune responses of these promoters (data not shown). These results contrasted with the positive control where LPS does induce a fourfold increase in the expression of the diptericin promoter-CAT construct pJM404 ( P < 0.05, Fig. 7 ) (Kappler et al. , 1993) .
Electrophoretic mobility shift assays
Analysis of the entire sequence of Smd1a and Smd2a gene promoters using TFSearch software gave several putative binding sequences (each with > 80% similarity to a consensus sequence) for the transcription factors GATA (Evans et al. , 1990) , C/EBP (Ryden & Beemon, 1989) , dorsal (Thisse et al. , 1991) and NF κ B (Kappler et al. , 1993) (Fig. 8A) . Each of which are known to be of importance in regulation of other immune responsive genes (Sun & Faye, 1992; Manfruelli et al. , 1999; Petersen et al. , 1999; Xia et al. , 1997) . Promoter-reporter construct expression showed that no particular region of the Smd1a promoter investigated is significantly responsible for constitutive expression of this gene (Fig. 6) . By using EMSA we analysed four oligonucleotides of putative transcription factor binding sites, including one NF κ B and one Dorsal like site (indicated by * in Fig. 8A ) and found that none of these sites gave retarded bands using midgut extracts from either unfed, blood fed or blood + LPS (20 µ g /ml) fed flies.
A similar analysis of the Smd2a promoter was carried out where we analysed six oligonucleotides (indicated by * in Fig. 8A ) of the putative transcription factor binding sites by EMSA. All but one of these sites failed to give retarded bands. Binding of midgut extracts from unfed flies to the GATA/C/EBP like sequence (EMSA1) located at -512 to -536 bp is shown in Fig. 8B . The same pattern of gel retardation was obtained when an extract from artificial blood fed © 2001 Blackwell Science Ltd, Insect Molecular Biology , 10 , 561-571 flies was used. Competition studies showed that this binding was not competed by either of two GATA like oligonucleotides (GATA and Antryp1) (Fischer & Maniatis, 1985; Skavdis et al. , 1996) nor an unrelated sequence. However, the oligonucleotide C/EBP which is from the D. melanogaster yolk protein enhancer gene (Dittmer & Raikhel, 1997) , was able to compete out the binding to this site suggesting that it is in fact a C/EBP binding site. This site is located in the region of sequence between -453 and -933 bp that conferred a negative regulatory effect in reporter gene assays (Fig. 6) .
Interestingly, binding was observed when the GATA / NF κ B-like binding site located between -495 and -520 bp was assayed using extracts prepared from both untreated and LPS treated l(2)mbn cells (data not shown). This site did not bind midgut extracts. Specific competition of binding to this element was achieved by a GATA binding site from the D. mulleri alcohol dehydrogenase-1 gene (Fischer & Maniatis, 1985) . This result suggests that the GATA factor found in l(2)mbn cells is not present in midgut tissue. The dorsal like site located between -129 and -148 in the promoter of Smd2a did not bind any factors in either midgut extracts from unfed, bloodfed or blood + lPS (20 µ g/ml) fed flies.
Discussion
Our data confirm that the Smd family of defensins are exclusively expressed in the anterior midgut (reservoir) of adult S. calcitrans (Fig. 1) . Other tissue-specialized antimicrobial peptides are known, such as andropin (Samakovlis et al. , 1991) and ceratotoxin (Marchini et al. , 1995) from dipteran reproductive systems. However the family of Smd peptides are the only antimicrobials so far described that are particular to insect midgut tissues. In Drosophila all seven of the antimicrobial peptides secreted into the midgut are also involved in the systemic, fat body-based immune response (Tzou et al. , 2000) . The production of midgut-specific antimicrobials seen in S. calcitrans is not a specialization unique to blood-sucking insects because the antimicrobial genes expressed in An. gambiae adult female midgut are also involved in the systemic immune response . The pattern emerging from studies of epithelial immunity is that normally at least two classes of antimicrobial peptide are present with complementing spectra of activity (Tzou et al. , 2000) . So we expect that an anti-gram negative peptide remains to be discovered in the adult midgut of S. calcitrans and, given the broad range of peptides utilized in the Drosophila midgut, several more antimicrobial peptides may well be produced in this organ.
The most likely role for the Smd family of defensins is to prevent a build up of microbes in the reservoir that could attack the normally sterile bloodmeal. This conclusion is strengthened by our recent demonstration that members of the Smd family of peptides are secreted into the gut lumen and not the haemolymph (unpublished data). Our failure to eliminate expression of Smd genes by feeding flies antibiotic containing meals suggests that these genes are constitutively expressed rather than up-regulated by low level infections in the fly gut. Constitutive expression of immune peptides has been noted in several epithelia. Notably Putsep et al . (2000) have shown that germ-free mice constitutively secrete the same defensins into the gut as gut infected mice. Human defensins are also constitutively secreted in the human female reproductive tract (Quayle et al. , 1998) and the small intestine (Mallow et al. , 1996; O'Neil et al. , 2000) . In insects constitutive expression of antimicrobial peptides occurs in the reproductive tract of Drosophila (Tzou et al. , 2000) and Ceratitis (Marchini et al. , 1997) . The data available suggests that most other insect epithelia show regulated rather than constitutive secretion. For example, the data of Tzou et al . (2000) suggests that epithelial tissues other than reproductive tract in Drosophila have inducible antimicrobial genes. In vertebrates human gastric cells and bovine tracheal cells show regulated secretion of the defensins hBD-2 and TAP, respectively (O'Neil et al. , 2000; Diamond et al ., 2000) . The evolutionary decision to use regulated or constitutive secretion presumably depends on the chances of contamination of that particular epithelial surface and the dangers that such (Evans et al., 1990) , Dorsal: NGRGAAAANCN (Thisse et al., 1991) , C/EBP: TKNNGYAAK (Ryden & Beemon, 1989 ) and insect NFκB: GGGRNTYYYY (Kappler et al., 1993) . Asterisk indicates the sites tested in EMSAs described below. (B) Binding of midgut nuclear extract (2.4 µg) from unfed flies to oligonucleotide EMSA 1 (5′-GGGTGCCATATCAAGATATGGGGGC-3′, GATA /C / EBP-like, 83% /67%). Competitors used were; Antryp1 (5′-ATTGATATCGCTATCAATTAATACC-3′, Skavdis et al., 1996) , GATA (5′-GTGGTATTGATAAGACATGT-3′, Fischer & Maniatis, 1985) , C/ EBP (5′-TACAATGTTGCAATCAGCGG-3′, Dittmer & Raikhel, 1997) and an unrelated sequence (5′-ATGCCCTAT T TGTTGTGGAG-3′). The consensus binding site is shown in bold. The second consensus binding site, where relevant, is shown in italics.
a contamination would present balanced against the cost of continuous production of peptide. In Metazoa the gut is always particularly vulnerable to microbial attack. In insects this is reflected in the fact that all seven antimicrobial genes in Drosophila are expressed in adult midgut epithelium while only a subset are produced in any other epithelium (Tzou et al., 2000) . In addition, for blood-sucking insects the bloodmeal is a particularly valuable resource because it is so difficult and dangerous to obtain (Lehane, 1991) ; it is also an excellent medium for microbial growth. We suggest these facts explain the constitutive production of Smd peptides in the midgut during the 24 -36 h blood is stored in the reservoir while awaiting digestion in the posterior midgut. A direct demonstration of the importance of antimicrobial peptides in midgut immunity has recently been obtained in mice where disruption of the processing of α-defensins causes increased susceptibility to oral infection with Salmonella typhimurium (Wilson et al., 1999) .
The exact nature of the response of Smd genes and peptides to immune challenge has been difficult to describe precisely because the baseline levels of Smd activity in our colony are variable and usually high. We believe this reflects background infections in the colony which proved impossible to eliminate and difficult to ameliorate even with antibiotics. Nevertheless the evidence shows that the Smd gene and peptide levels in the gut are up-regulated in response to immune challenge (Figs 3 and 4) . Up-regulation occurs only in the presence of a bloodmeal. This supports the conclusion that a major function of Smd peptides is protection of the bloodmeal. In the case of laminarin challenge the evidence suggests dose dependent up-regulation of the response and transcriptional control of peptide levels (Fig. 4) . Despite many replications of the experiments the data for LPS is not clear enough to reach definite conclusions on these points.
Smd genes are down-regulated in response to systemic immune challenge (Fig. 5) . While specific mechanisms of innate immune system down-regulation have been reported (e.g. Shelby et al., 1998; Islam et al., 2001 ) we believe our observations may represent a malaise response such as that reported for midgut lysozyme genes in Drosophila (Daffre et al., 1994) .
In Drosophila the diptericin gene is regulated via the imd / rel pathway and is independent of the Toll pathway (data reviewed by . Diptericin promoter constructs are induced by immune stimulus in l(2)mbn cells ( Fig. 7 and Dimarcq et al., 1997) . This suggests that the imd /rel pathway is functional in l(2)mbn cells. Drosomycin is immune inducible in l(2)mbn cells showing the Toll pathway is also functional in l(2)mbn cells (Dimarcq et al., 1997) . Despite the presence of these two regulatory pathways we found that while Smd gene promoter constructs in l(2)mbn cells do show constitutive expression they fail to respond to immune stimulation (Fig. 7) . Several potential reasons present themselves. While an homologous immune response control pathway may be present in l(2)mbn cells it is possible that interspecific differences prevent its normal function. Arguing against this it has been demonstrated that other interspecific immunity-based constructs function in l(2)mbn cells across wider phylogenetic gaps than exist between Stomoxys and Drosophila (BarillasMury et al., 1996; Shiraishi et al., 2000) . Another possible explanation is that immune responsiveness in these Smd constructs is regulated by a pathway other than Toll or imd/rel, as is the case for drosomycin in Drosophila salivary glands (Ferrandon et al., 1998; Tzou et al., 2000) , and that this is missing from l(2)mbn cells. Consistent with this explanation is our finding that the two obvious Rel-like factor binding sites analysed from both promoters did not bind extracts from either immune stimulated or unstimulated midguts. Our finding that injection of bacteria into the haemolymph while stimulating the systemic immune response failed to induce the Smd genes in the midgut (Fig. 5 ) is also consistent with the possibility that the two systems have separate control mechanisms. Another possible explanation for lack of immune responsiveness of the Smd promoter constructs in l(2)mbn cells is that these cells lack a tissue specific factor. These are known to be involved in the regulation of immunity genes in epithelia. For example, activation of the drosomycin gene in Drosophila is different in trachea and salivary glands (Tzou et al., 2000) . We know such a factor(s) is important in S. calcitrans. First the Smd genes are only expressed in adult midgut tissue. But also we have shown that immune dependent up-regulation of Smd genes in vivo only occurs in the presence of a bloodmeal (Fig. 3) . The factor(s) controlling both traits is unknown but may well be missing in l(2)mbn cells effectively preventing any response to immune challenge in Smd promoter constructs. The only site found to reproducibly bind transcription factors in midgut extracts was the C/EBP like site (Fig. 8) in the promoter of Smd2a. Its potential function in immune regulation remains to be explored.
Parasites and pathogens invading insects are potentially at their most vulnerable when first entering the midgut before they have undergone the explosive multiplication that commonly follows invasion. We already know that some of the more important invaders such as Plasmodium are susceptible to antimicrobial peptides (Shahabuddin et al., 1998) . Given we now have the means to produce transgenic blood-sucking insects (e.g. Coates et al., 1998; O'Brochta et al., 2000; Catteruccia et al., 2000) a fuller understanding of the immune system in the insect midgut could be of practical as well as academic interest.
Experimental procedures
Insects
S. calcitrans was cultured as described by O'Brochta et al. (2000) . Adult male and female insects, both of which feed on blood, were © 2001 Blackwell Science Ltd, Insect Molecular Biology, 10, 561-571 used in the experiments. The artificial bloodmeal is described by Lehane et al. (1998) . The artificial bloodmeal and sugar meals were made with high purity water (18MΩ). Antibiotic containing sugar meals were 10% sucrose containing 100 U penicillin and 100 µg streptomycin per ml.
Genomic library, cloning and sequencing A S. calcitrans genomic library was constructed in Lambda FixII (Stratagene) according to the manufacturers instructions. The library had an estimated complexity of 1.4 × 10 6 pfu. Lambda genomic clones of Smd1a and Smd2a were isolated using either a 250 bp PCR-generated P
32
-labelled probe containing the Smd1a cDNA sequence (primers P1 5′-AGT T TATCT TCATCAT T T-3′ and P2 5′-ACATCTCCGAGGACCAAGCAGTG-3′) or a 342 bp probe containing the Smd2a cDNA sequence (primers P3 5′-CCAT T -GCCT T TGCGGTCATCT TAG-3′ and P4 5′-ACGCAAACCGCAT-CATCAT TACA-3′). Phage was restricted using EcoRI, KpnI, Sma I, XbaI or SalI and fragments containing the gene were subcloned into pUC18. Probe labelling, Lambda preparation and phage purification were performed by methods described in Sambrook et al. (1989) . For Smd1a a plasmid containing a reverse orientated 6 kb SalI fragment contained approximately 2.2 kb of sequence 5′ to the gene and this plasmid was used for sequencing (AF182162). For Smd2a a plasmid containing a reverse orientated 5 kb XbaI fragment contained approximately 3 kb of sequence 5′ to the gene and this plasmid was used for sequencing (AF182164). Sequencing was performed either commercially by MWG-Biotech (Germany), AltaBioscience (UK) or by double strand dideoxy sequencing with a PE Biosystems 377 sequencer using various internal primers.
To isolate the Smd1 genomic clone 4 kb and 6 kb agarose bands containing the two Smd1/Smd1a genes on an Eco RI genomic digest were used as PCR templates using five primer pairs designed from the sequence of Smd1a. The 4 kb band gave PCR products with all primer combinations, the 6 kb band did not give a PCR product with primers P5 (5′-CAAAAATCGGTCAAT TCA-3′) and P6 (5′-ATGGACTAGAT TGGCCTGAAT-3′) showing that Smd1a is in the 4 kb band and the second gene, Smd1, is in the 6 kb band. The 6 kb band extract was used as a PCR template with primers P7 (5′-CTCCCAAAAGTGGTATAG-3′) and P2 to produce a 1953 bp PCR product containing the Smd1 gene and 1632 bp of sequence 5′ to the gene. This was ligated into TOPO TA (Invitrogen) according to manufacturers instructions and sequenced (AF182163). A different procedure was used to isolate Smd2. Several Smd2 / Smd2a genomic clones were isolated using a 342 bp probe containing the Smd2a cDNA sequence (primers P3 and P4). These were screened using five primer pairs designed from the sequence of Smd2a. Smd2a containing clones were identified and eliminated because they gave PCR products with all primer combinations. Smd2 containing clones failed to give positive PCR reactions using primer P8 (5′-GGTGACGT T TAAAATAAT-3′) with either P9 (5′-TATACAT TGGAGCTATCT-3′) or P10 (5′-CTGAACCGGT T TGGGC-CAAGT T-3′). We used primers P11 (5′-ACAT TACAAAAT TACCAGA-3′) and P8 to produce a 317 bp PCR product containing the Smd2 gene and 238 bp of sequence 5′ to the gene. This was ligated into TOPO TA and sequenced (AF347035).
Nuclease protection assays
Nuclease protection assays (NPAs) were performed using the Multi-NPA kit (Ambion, Austin, Texas, USA). Total RNA was prepared from ten reservoir regions of adult S. calcitrans midgut, five fat bodies, 100 eggs, two larvae or two pupae using RNeasy Mini Kit (Qiagen, Crawley, UK). Treatments were as described in figure legends and text. Oligonucleotide probes NPA1 5′-CCAAAGGCT TAGCAGAT-CACAGGTGAT TCCCATAGGT T TCGCGGCTGCAACT TCTAAT T T-GTATA-3′, NPA2 5′-GCGACCACCACTCT T T TCAAGAAGCAAG-CAATGGGCAGCGCAAGCACTATGAT TGACAT TCCACATGCTC-T TAT TGATAT-3′, NPA3 5′-GCAGAGGCGCCT TCAACAAATGT-ATCT TCCAGGGCGGGTGAAGCCGAGCTACTGGCCAGGAT TAA-CTATG-3′ and NPA4 5′-GCGTGTGGAATCGGAAGGAATGGG-AGTAACATCT TCT TATAGAT-3′ were used to detect Smd1, Smd2, Fbd1 and S14, respectively. Each oligonucleotide probe contained 10 bp of non-complementary sequences on the 3′ end so that fulllength probe can be distinguished from the protected fragment. ELISA Antisera production using synthetic peptides, specificity testing and details of the ELISA used are given in Hamilton et al. (2001) . Antibodies MJL3 and MJL8 are specific to Smd1 and Smd2, respectively; antibody MJL10 is a control serum from a rabbit immunized with all of the components used in immunizations except the synthetic peptide.
Cell line and reporter gene assays for promoter activity The Drosophila l(2)mbn cells (Gateff et al., 1980) were cultured in Schneider's insect medium (Sigma) supplemented with 10% foetal bovine serum, 50 U/ml penicillin and 50 µg/ml streptomycin (Gibco/ BRL), and grown at 25 °C to 80% confluency. Immune challenge was 20 µg /ml LPS (Escherichia coli serotype 026:B6; Sigma, Dorset, UK) or 20 µg /ml laminarin (Sigma) for 16 h or 100 heat killed E. coli K12 RM148 per l(2)mbn cell Dimarcq et al., 1997) . A series of shortened promoter sequences of Smd1a (-1582 /+63, -982 /+63, -422 /+63, -262 /+63, -142 /+63) or Smd2a (-1383 /+79, -933 /+79, -453 /+79, -240 /+79, -133 /+79) were prepared by PCR from pUC18 Smd1a and pUC18 Smd2a, respectively, using forward and reverse primers that included a Hin dIII and BamHI restriction sequence, respectively. These primers introduced a HindIII site to the 5′ end of the PCR product and a Bam HI site to the 3′ end. These sites were used to clone the PCR products into the chloramphenicol acetyl transferase (CAT) reporter vector, pBLCAT5 (Boshart et al., 1992) . The minimal thymidylate kinase (tk) promoter was then removed by digestion with BamHI and BglII followed by re-ligation. All plasmid insert sequences were checked for errors in sequence. Constructs pJM404 (plasmid D9 in Kappler et al., 1993 ) and pBLCAT5 were used as positive and negative controls, respectively. For all experiments 3 × 10 6 cells were transfected using DOTAP (Boehringer-Mannheim) with 1.38 pmol of the appropriate CAT construct and 0.15 pmol of a β-galactosidase expression vector pACH110 (Thisse et al., 1991) as an internal control to measure transfection efficiency. After 16 h the cells were washed twice and then incubated for 48 h in culture. Treatments were added to cells 16 h before harvesting. Cells were lysed by freeze -thaw procedure in 125 µl of 250 mM Tris-HCl, pH 7.8, 0.1 mM PMSF and 2.5 µg /ml aprotinin. CAT activity in cell lysates was measured using the CAT ELISA kit (BoehringerMannheim). β-galactosidase activity in cell lysates was measured using the β-galactosidase enzyme assay system (Promega) and the values were used to normalize variability in the efficiency of transfection. Statistical analysis of the results consisted of one-way analysis of variance followed by Fisher's pair-wise comparison.
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Electrophoretic mobility shift assays Electrophoretic mobility shift assays (EMSAs) were performed according to a modified version of Promega technical bulletin 110.
Crude nuclear extracts were prepared from 200 reservoir regions of Stomoxys midgut or from 1 × 10 8 l(2)mbn cells using the minipreparation method of Deryckere & Gannon (1994) . Oligonucleotides corresponding to different regions of the promoter sequences of Smd1a and Smd2a were obtained from MWG BIOTECH.
